lactis subsp. diacetylactis occurred between cells immobilized on nitrocellulose filters in the presence of DNase. Transconjugants were able to act as donors to transfer the Suc-Nis phenotype in subsequent mating. No changes in sensitivity to lytic phage c2 were noted in S. lactis transconjugants. However, temperature-independent restriction of lytic phage 18-16 was noted in transconjugants of S. lactis subsp.
The group N streptococci are industrially important microorganisms and are widely used in dairy fermentation. The presence of plasmid DNA in this group has been demonstrated (16, 19) , and the involvement of extrachromosomal DNA in lactose fermentation (20) and casein degradation (3) in Streptococcus lactis and citrate utilization in Streptococcus lactis subsp. diacetylactis has been documented (10) . S. lactis strains which produce the polypeptide nisin have been shown to contain plasmid DNA (6, 13, 14) , and evidence as to the linkage between a plasmid and nisin production has been reported by Kozak et al. (12) . LeBlanc et al. (13) suggested that in one strain of S. lactis, ATCC 11454, this metabolism of sucrose and nisin production may be plasmid encoded.
More recently, Gasson (7) reported the conjugal transfer of linked genetic information controlling sucrose fermentation, nisin production, and nisin resistance from S. lactis to a plasmid-free strain of S. lactis. Additionally, McKay and Baldwin (17) have shown that a 40-megadalton (Mdal) plasmid from S. lactis subsp. diacetylactis DRC3 encodes nisin resistance and temperature-dependent bacteriophage restriction.
This communication extends and confirms the initial observations of LeBlanc et al. (13) and Gasson (7) . We report the conjugal transfer of a sucrose-nisin (Suc-Nis) phenotype from S. lactis to S. lactis and subsequent retransfer to S. lactis and S. lactis subsp. diacetylactis. Additionally, we observed a temperature-independent resistance to bacteriophage in S. lactis subsp. diacetylactis transconjugants.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this study are shown in Table 1 . S. lactis and S. lactis subsp. diacetylactis were routinely carried on APT medium (Difco Laboratories, Detroit, Mich.). As necessary, the appropriate antibiotic(s) were added to sterile medium to maintain selection for resistance markers. Cultures were grown at 32°C unless otherwise indicated.
A modification of Elliker broth (4), designated BMG broth (8) , was used as a growth medium. Agar (Difco) was added to give a final concentration of 2% when a solid medium was desired. Carbohydrate fermentation was determined by using BM medium (8) containing the desired filter-sterilized carbohydrate at a final concentration of 0.5% and bromocresol purple at a final concentration of 0.008%. Selective antibiotic concentrations were as follows (in micrograms per milliliter): streptomycin sulfate (Sigma Chemical Co., St. Louis, Mo.), 1,000; fusidic acid (sodium salt) (Leo Pharmaceutical, Ballerup, Denmark; gift of W. 0. Godtfredsen), 20; rifamycin (Sigma), 400.
Mating conditions. Mating conditions were essentially as previously described (8) . However, for transfer of nisin, the donor cells were taken early in log phase (optical density at 600 nm, 0.20). Additionally, mating filters were not overlaid with agar; instead, plates containing the mating filters were placed in a GasPak jar (BBL Microbiology Systems, Cockeysville, Md.) at 32°C for 3 to 4 h. Mating mixtures were suspended in phosphate buffer (0.01 M, pH 6.8) and centrifuged at 12,000 x g at 15°C for 10 min. The pellet was suspended, diluted, and plated on carbohydrate fermentation medium BM (8) containing sucrose at a final concentration of 0.5% and the selective antibiotic(s) or on BMG medium containing nisaplin (Aplin and Barrett, Ltd., Dorset, England) and the selective antibiotic(s). Control matings with nonviable cells, matings in the presence of DNase, and broth matings were done as previously described (8) . Experiments to determine whether transduction was involved were performed as previously described (8) .
Plasmid isolation and purification. Covalently closed circular DNA was isolated by a modified method of LeBlanc and Lee (15) as reported by Gonzalez and Kunka (8) . Survey lysis of cells to determine plasmid content was done by the procedures of LeBlanc and Lee (15) and Anderson and McKay (1) . Broth cultures of nisin-producing transconjugants were grown in the presence of nisin (10 ,ug/ml) in medium BMG or BM supplemented with sucrose (0.5%). Reference plasmid DNA was prepared as described previously (8) . DNA samples were subjected to electrophoresis on vertical 0.7% agarose gels as previously described (8) .
Phage assay. S. lactis C2 and its lytic phage c2 were obtained from T. R. Klaenhammer, North Carolina State University, Raleigh. S. lactis subsp. diacetylactis 18-16 and its lytic phage (designated phage 18-16) were obtained from W. E. Sandine, Oregon State University, Corvallis. Bacte-riophage stocks were prepared as described by Terzaghi and Sandine (22) . Phage stocks used in the course of this study contained titers of approximately 108 to 1010 PFU/ml. Plating to determine the titers of phages c2 and 18-16 on their respective host strains and their respective derivatives was as described by Terzaghi and Sandine (22) . Medium M17 (22) to be used in phage experiments was fortified with CaC12 * 2H20 to a final concentration of 0.01 M. Quantitative adsorption studies with phage 18-16 were accomplished against strain S. lactis subsp. diacetylactis 18-16 and its derivatives. Bacterial strains were grown in M17 glucose medium to a concentration of 5 x 108 CFU/ml. A 5-ml volume of cell suspension was mixed with 5 ml of phage diluted in 1% tryptone containing 1 mM MgSO4 and incubated at 32°C for 20 min. The multiplicity of infection was 3 X 10-3 to 7 x 10-3 phage per bacterium. The mixture was then chilled and centrifuged at 17,300 x g for 10 min to remove bacterial cells and adsorbed phage. After a second similar centrifugation to complete removal of cells, the supernatant was passed through a 0.22-,um-pore filter (Millipore Corp., Bedford, Mass.). No nonspecific adsorption of phage to filters was observed in control experiments. The supernatant was assayed for residual phage by the method described above. A control consisting of phage mixed with broth instead of bacterial cells was prepared and titrated at the same time. The percentage of adsorbed phage was calculated for each strain.
Curing procedure. Elimination of resident plasmids and the stability of plasmid-encoded traits was evaluated by methods previously described (8) . Screening for lactose-negative and sucrose-negative isolates was accomplished by using BM lactose and BM sucrose media containing bromocresol purple. For curing of citrate utilization, cells were grown in BMG medium containing acridine orange (Sigma) at a final concentration of 0, 5, 10, 12, 15, and 20 ug/ml, respectively, in the dark at 32°C. Acridine orange-exposed cultures growing at the highest noninhibitory concentration were diluted and plated on the citrate-fermenting medium described by Kempler and McKay (11) . Individual citratenegative colonies were further evaluated for their plasmid content.
Nisin assay. Determination of production of nisin by individual colonies was done with peptonized milk agar as described by Kozak et al. (12) . To determine production of nisin in a milk environment, selected strains were grown in nonfat dry milk (10% [wt/vol]), which was steamed for 30 min and cooled, and glucose was added to a final concentration of 0.5% (wt/vol). Fifty milliliters of milk containing glucose was inoculated with approximately 106 CFU/ml and incubated at 32°C. Samples were assayed daily. The nisin content of milk was determined by the quantitative agar diffusion assay used for the estimation and differentiation of nisin in food as described by Fowler et al. (5) . The assay organism was strain ATCC 14365, which is sensitive to nisin.
Strain ATCC 11454, which is a nisin producer and nisin insensitive, was used as a control to demonstrate resistance to nisin. A standard curve was constructed on a daily basis by adding purified nisin (Aplin and Barrett, Ltd.) to a milk sample at a 100 U/ml. Proteinase activity. Isolates were assayed for proteolytic ability by the method of Stadhouders (21) as described by Efstathiou and McKay (3) .
MICs. Cultures to be tested were grown on APT agar or APT agar containing commercial nisin (nisaplin; 1,000 IU/mg) at 100 ,ug/ml. After overnight growth at 32°C, a turbid suspension was prepared in BMG broth and diluted so that approximately 100 CFU was plated onto agar plates. The MIC was determined on BMG agar (pH 6.0) containing doubling concentrations of nisaplin from 0.015 ,ug/ml. The MIC was recorded as the lowest concentration of nisaplin preventing colony formation after 24 h of incubation at 32°C. MIC determinations were accomplished with and without 1% Tween 20 added. No differences in the MIC were noted.
RESULTS
Strain derivation. Strain ATCC 11454 has previously been described (14) as containing a 31.8-Mdal plasmid (pDR1) and a 29-Mdal plasmid (pDR2) associated with metabolism of lactose and sucrose, respectively. LeBlanc et al. (13) have also noted the inability of this strain to synthesize nisin when cured of plasmid pDR2. To reconfirm these results and construct a set of derived strains for preliminary matings, the parental strain ATCC 11454 was exposed to elevated temperatures (35 to 40°C) to eliminate resident plasmids associated with lactose fermentation (Lac'), sucrose fermentation (Suc+), and nisin production (Nis'). isolate. Such a strain (SLA2.9) was selected to express chromosomal resistance to streptomycin and designated SLA2.22 (Table 1 and Fig. 1 , lane E). Strain SLA2.22 was used as a recipient in mating studies. Other derived strains were shown in Table 1 . Strain S. lactis subsp. diacetylactis 18-16 has previously been shown (10) to contain a 41-Mdal plasmid (pGK4101) linked with lactose metabolism and a 5.5-Mdal plasmid (pGKO551) linked with citrate utilization (Cit+). Derivatives of S. lactis subsp. diacetylactis 18-16 cured of either the 41-Mdal (Fig. 2, lane C) or both the 41-and 5.5-Mdal plasmids (Fig. 2 , lane D) are shown in Table 1 . The lactose plasmid was cured by growth of cells at elevated temperatures, and the citrate plasmid was cured by exposure of cells to acridine orange. Derivative strains of S. lactis subsp. diacetylactis are shown in Table 1 . Curing of the 28-Mdal cryptic plasmid (pGK2801) in SLA3.4 was observed after exposure of cells to elevated growth temperatures. This strain was selected to express resistance to fusidic acid and designated SLA3.23 (Table 1 and Fig. 2, lane E) . Strain SLA3.23 was used as a recipient in mating studies.
Mating studies. To determine whether sucrose utilization and nisin production could be conjugally transferred, a derivative of S. lactis ATCC 11454 (Suc+ Nis') designated SLA2.17 was used as a donor in mating experiments with S. lactis and S. lactis subsp. diacetylactis. The recipients were Suc-Nisand nisin sensitive (Nis'). This sensitivity to nisin relative to donor strains is discussed below (see Table 4 ). Because of the sensitivity of recipient cells to nisin as noted above, the donor cells were used in the early log phase, a period where there is little or no nisin production (9) .
Initial transfer experiments were conducted with S. lactis SLA1.3 as the recipient and S. lactis SLA2.17 as the donor. Selection for transconjugants was by chromosomal resistance and sucrose fermentation. No transfer of the sucrose phenotype was observed in these matings. Additionally, no transfer of the lactose plasmid was observed. Similar experiments with strain SLA2.22 (Table 2 and Fig. 1, lane E) , a Lac-Suc-Nis-derivative of ATCC 11454, provided evidence that the Suc-Nis phenotype was conjugally transferable. The transconjugant SLA2.24 (Fig. 1, lane F) showed a plasmid pattern identical to that of the recipient, except that it expressed a Suc+ Nis' and nisin-resistant (Nisr) phenotype. Spontaneous Suc+ Nis' isolates were not detected in control platings of the recipients. Repeated lysis by at least three different procedures (see above) of transconjugants grown in the presence (10 ,ugIml) and absence of nisin showed no physical evidence of an additional plasmid. The transfer of the lactose phenotype was not observed under either selective or nonselective conditions. The transfer of the Suc-Nis phenotype from S. lactis SLA2.17 to S. lactis subsp. diacetylactis SLA3.5 was not detected. Selective plating of donor-recipient mixtures after the mating period showed that there was no reduction in viability of either the Table 1 . The molecular mass (Mdal) of standard plasmid DNA is indicated. donor (SLA2.17) or recipients (SLA1.3 and SLA2.22). A reduction in viability of the recipient SLA3.5 was observed in 1:1 (donor to recipient) mixtures but not in 0.1:1 mixtures. The reduction was due to the relative sensitivity of S. lactis subsp. diacetylactis to nisin (see Table 4 ).
Since transfer of the Suc-Nis phenotype had been observed only in matings with a Lac-Suc-Nis-derivative of the parental strain, it was of interest to determine whether the transconjugants would retransfer the trait. Mating experiments with transconjugants from the experiments described in Table 2 and suitable S. lactis and S. lactis subsp. diacetylactis as recipients showed transfer of the Suc-Nis phenotype to both. Transfer frequencies to SLA1.8 and SLA3.10 were lower than those observed for SLA2. 22 ( Table 2 ). Although both recipients were Suc-Nis-Niss, their respective transconjugants were Suc+ Nis' Nisr (see Table 4 ). Control platings showed no spontaneous Suc+ Nis' recipients. Survey analysis of plasmid content of the transconjugant SLA1.15 grown in the presence (10 ,ug/ml) and absence of nisin showed no physical evidence for an introduced plasmid. Repeated lysis by several techniques (1, 8, 15) showed no satellite DNA in CsCl-ethidium bromide density gradients. Lysis of the transconjugant S. lactis subsp. diacetylactis SLA3.15 grown in the presence of nisin yielded similar results; that is, the plasmid pattern of the transconjugant SLA3.15 (Fig. 2 , lane F) was identical to that of the recipient (Fig. 2, lane D) .
Subsequent experiments to determine whether S. lactis SLA1.15 could act as a donor of Suc-Nis to S. lactis SLA1.3 and SLA2.23 showed no evidence for transfer. Similar transfer experiments with S. lactis subsp. diacetylactis SLA3.15 as a donor showed no transfer of S. lactis SLA1.3 and SLA2.23. However, SLA3.15 was able to act as a donor in transferring the Suc-Nis phenotype to S. lactis subsp. diacetylactis SLA3.22 and SLA3.23 at frequencies of 4.5 x 10-7 and 1.4 x 10-5, respectively. The plasmid pattern of the Suc+ Nis' transconjugant SLA3.34 (Fig. 2 , lane G) grown in the presence or absence of nisin was similar to that obtained for the recipient SLA3.23 (Fig. 2, lane E) . The SLA3.22 recipient and its Suc+ Nis' transconjugant SLA3.42 showed similar plasmid patterns; that is, a plasmid pattern similar to that of SLA3.2 (Fig. 2, lane C) , a Lac-derivative of S. lactis subsp. diacelylactis 18-16. Transconjugants obtained from each mating were analyzed for selected and unselected markers. The ability to ferment selected carbohydrates was used for such analysis. For convenience, the following characteristics were used: S. lactis SLA2.17 fermented lactose and galactose but not mannitol; SLA2.22 did not ferment lactose; S. lactis subsp. diacetylactis SLA3.4 and its derivatives fermented mannitol but not galactose. The confirmation of sucrose-fermenting, nisin-producing transconjugants was also verified by comparison of plasmid profiles to those of parental strains and sensitivity to host-specific phages.
The matings described in Table 2 were also conducted in the presence of a 100 ,ug of DNase I per ml. In two independently performed experiments, no reduction of transfer frequencies was observed. No transconjugants were detected in mating studies with sodium hypochlorite-treated cells, chloroform-treated donor cells, or cell-free supernatants when mixed with recipients.
Phage sensitivity of parental strains and transconjugants. Analysis of transconjugants to confirm isolates as recipient type included testing for sensitivity to host-specific lytic phages. Plating of phage c2 on S. lactis SLA1.8 and its Suc+ Nis' derivatives showed that there was no difference in the efficiency of plating when compared with that of the parent strain.
Similar analyses were conducted with S. lactis subsp. diacetylactis 18-16 and its derivative strains. Strain S. lactis subsp. diacetylactis 18-16 and the recipient Suc-Nisderivative SLA3.10 showed identical sensitivities to phage 18-16. However, the Suc+ Nis' Nisr transconjugants SLA3.15 and SLA3.34 were no longer susceptible to the S. lactis subsp. diacetylactis 7 x 10-7 SLA3.15 SLA3.10 a Transfer frequency is the number of colonies expressing the designated phenotype per donor CFU. The number of donor CFU was determined before mating. Transconjugants were selected for chromosomal resistance of the recipient and sucrose utilization. Frequency is the average of results obtained in three independent experiments. The number <10-8 represents the lower limit of detection. Suc+, Ability to utilize sucrose and produce acid; Nis', ability to produce nisin as determined by bioassay as described in the text. lytic phage ( Table 3 ). The parental strain S. lactis subsp. diacetylactis 18-16 and the phage-resistant transconjugants were examined for their ability to adsorb phage to determine whether lack of plaque formation was due to lack of phage adsorption. The inability of the lytic phage to form plaques on the transconjugants was not due to lack of adsorption (Table 3) .
McKay and Baldwin (17) have recently shown temperature-dependent restriction of c2 phage in nisin-resistant transconjugants of LM0231. To test whether a similar temperature-dependent restriction might be occurring in the Nis' Suc+ transconjugants, S. lactis subsp. diacetylactis strains 18-16, SLA3.10, SLA3.15, and SLA3.34 were grown at 32 and 37°C and used to titer phage 18-16 at 25, 32, and 37°C. Results from this study showed no reduction in titer at any temperature by either S. lactis subsp. diacetylactis 18-16 or SLA3.10. No plaques were observed with strain SLA3.15 or SLA3.34 at any of the temperatures, indicating that restriction was temperature independent. Additionally, no loss in viability of strain SLA3.15 was observed when cells and phage were mixed at a multiplicity of infection of 4 and the phage was allowed to adsorb. CFU counts of the phage-exposed cells and unexposed control cultures were similar.
MIC testing and resistance expression. Since most S. lactis and S. lactis subsp. diacetylactis strains are relatively sensitive to nisin as compared with producing strains, it was of interest to determine the MICs for donors, recipients, and transconjugants. The resistance to nisin expressed by S. lactis and S. lactis subsp. diacetylactis transconjugants was equivalent to those observed for S. lactis ATCC 11454 (>2,000 ,ug/ml). The cured derivative of strain ATCC 11454, designated SLA2.22, and S. lactis SLA1.8 showed equivalent MICs (64 ,ug/ml). The parental S. lactis subsp. diacetylactis showed sensitivity to nisin at 2 ,ug/ml ( Table 4) .
Stability of Suc-Nis phenotype. The stability of the transferred Suc-Nis phenotype was evaluated in S. lactis and S. lactis subsp. diacetylactis. Growth of the parental nisin-producing strain at temperatures of 37, 40, and 42°C resulted in the detection of sucrose-nisin-negative segregants at frequencies of 6, 5, and 5%, respectively. No sucrose-nisin-negative isolates were detected when S. lactis sucrose-nisin-positive transconjugants were grown at similar temperatures. Exposure of S. lactis subsp. diacetylactis sucrose-nisin-positive strains to temperatures of 37 and 40°C showed no elimination of the traits.
Production of nisin in milk. The ability of parental and transconjugant strains to produce nisin in a milk environment was evaluated. None of the S. lactis or S. lactis subsp. diacetylactis recipients produced nisin during the 3-day assay period. However, the transconjugants produced nisin. Production levels ranged from 45 U/ml by S. lactis SLA1.15 to 209 U/ml by S. lactis subsp. diacetylactis SLA3.34 in a 3-day period ( Table 5 ). Assay procedures as defined by Fowler et al. (5) confirmed the production of nisin by transconjugants. The inhibitor product was resistant to 1000C for 30 min at pH 2 and inactivated at 63°C in 30 min when adjusted to pH 11 (5) , which is characteristic of nisin.
DISCUSSION
The conjugal transfer of sucrose-fermenting ability, nisin resistance, and nisin production as a single linkage group from a nisin-producing S. lactis to sucrose-negative, nisinsensitive, nonproducing S. lactis and S. lactis subsp. diacetylactis was described. Additionally, sucrose-nisin-positive transconjugants of S. lactis subsp. diacetylactis expressed a temperature-independent phage resistance. The mating experiments performed in the presence of DNase I and control experiments with donor culture filtrates support the premise that the mode of transfer was by conjugation. However, the inability to consistently isolate or detect any introduced or additional plasmid DNA from transconjugants presents a problem. Recently, Gasson (7) has reported transfer of the Suc-Nis phenotype to S. lactis MG1614 and stated that the putative sucrose-nisin-encoding plasmid could not be isolated in significant quantities. He suggested that the plasmid T 209 a D, Donor; P, parent; R, recipient; T, transconjugant. b Assay procedures are described in the text; readings are averages of three determinations and production after 72 h. All isolates showed no nisin present on day 0. seen in two transconjugants could be a deletion of a larger sucrose-nisin-producing plasmid or unrelated DNA. Neve et al. (18) reported the conjugal transfer of bacteriocin production from S. lactis 6F3 to S. lactis subsp. diacetylactis BU2-60; however, no plasmid DNA could be detected in any of the transconjugants, and curing experiments did not yield any bacteriocin-negative derivatives from the donor or the transconjugants. The authors explained their results by proposing that an unstable plasmid may have been involved and by citing the findings of Davey and Pearce (2) . The latter isolated plasmid-free derivatives from nisin-producing S. lactis Hi, which retains the ability to produce nisin, and proposed that the nisin genes of S. lactis could be located on the chromosome. Our inability to detect plasmid DNA from Suc+ Nis' transconjugants may be due to factors involving copy number, instability during isolation, or even a possible dynamic state of integration into the recipient chromosome.
The subsequent transfer of the Suc-Nis phenotype by the transconjugant SLA2.24 and its transconjugant S. lactis subsp. diacetylactis SLA3.15 further confirmed the transferability of this group of genes ( Table 2) . Transfer experiments similar to those described in Table 2 were conducted with a plasmid pIP501 (8) containing a derivative of SLA2.17 designated as SLA2. 18 . It was thought that perhaps the broad-host-range plasmid might mobilize the Suc-Nis gene group or initiate higher transfer frequencies. The transfer of the Suc-Nis phenotype to the S. lactis recipient SLA2.22 was observed at a frequency of 10-3 transconjugants per donor with cotransfer to plasmid pIP501 at a frequency of 2.7 x 1O-5 transconjugants per donor. Direct selection for pIP501 resulted in transfer to SLA2.22 at a frequency of 10-2 transconjugants per donor. No transfer of the Suc-Nis phenotype was observed from SLA2.18 to S. lactis SLA1.8 or S. lactis subsp. diacetylactis SLA3.5. However, mobilization of the 3-Mdal cryptic plasmid pDR5 of SLA2.18 to SLA1.8 was observed with transfer of plasmid pIP501.
Recently, McKay and Baldwin (17) have described plasmid-encoded nisin resistance and temperature-dependent phage resistance in a S. lactis transconjugant containing a conjugally transferred 40-Mdal plasmid (pNP40) from S. lactis subsp. diacetylactis DRC3. Phage growth was completely restricted in S. lactis transconjugants containing pNP40 at 21 and 32°C but not at 37°C. The authors suggested that pNP40 could be coding for a temperature-sensitive enzyme that restricts growth of c2 phage at 21 and 32°C but not at 37°C. The observation of a temperature-independent phage resistance in Suc+ Nis' and Nisr transconjugants of S. lactis subsp. diacetylactis was unlike that observed by McKay and Baldwin (17) . S. lactis transconjugants such as SLA1.15, which were Suc+ Nis' and Nisr still retained their sensitivity to phage c2. Only the S. lactis subsp. diacetylactis transconjugants restricted phage growth at 25, 32, and 37°C. Adsorption studies with the Suc+ Nis' transconjugant S. lactis subsp. diacetylactis SLA3.15 showed that resistance was not due to lack of adsorption. Additionally, infection of cells at a multiplicity of 4 showed that the adsorption of phage did not reduce cell viability as determined by the plating of cells exposed to phage. This would possibly indicate that the host-controlled restriction of phage DNA would be in an early phase of phage infection or replication. Since no sucrose-nisin-negative isolates of SLA3.15 or SLA3.34 were found, we were unable to assess infectivity in cured isolates. However, during mating experiments, a segregation of phenotypic traits was occasionally found. Transconjugants which were Suc-Nis' and Nisr were extremely unstable. Isolates which were resistant to nisin but Suc-Niswere phage sensitive. These may have been spontaneous resistant mutants and not true transconjugants.
Transconjugants which were Suc+ Nis-and Nisr were also phage resistant.
Further studies will determine the location of Suc-Nis gene group. An understanding of host-controlled temperature-independent phage resistance will aid in the production of improved dairy starter cultures.
